Abstract-Cell-based biosensors (CBBs) are becoming an important tool for biosecurity applications and rapid diagnostics. For current CBBs technology, cell immobilization and high throughput fabrication are the main challenges. To address these in this study, the feasibility of bioprinting cell-laden hydrogel to fabricate CBBs at high throughput was investigated and cell response was tracked by using lensless charge-coupled device (CCD) technology. This study indicated that (i) a cellladen collagen printing platform was capable of immobilizing cells (smooth muscle cells) in collagen droplets with precise spatial control and pattern them onto surfaces, (ii) high postprinting cell viability was achieved (>94%) and the immobilized cells proliferated over five days, (iii) the immobilized cells maintain their biological and physiological sensitivity to environmental stimuli (e.g. environmental temperature change and lysis by adding of de-ionized water), as quantified by change in cell spread size (decreasing from ~3000 μm 2 at t=0 hour to ~600 μm 2
INTRODUCTION
at t=16 hours), and (iv) our developed lensless CCD technology is capable detecting the cell morphology change under environmental stimuli, which is essential for the portability of the CBBs. These results show that printing cells encapsulated inbiocompatible hydrogels could lead to fabrication of CBBs in a high throughput manner. Also, the lensless CCD systems can be used to monitor the morphological cell responses over a wide field of view (as large as 37.25 mm × 25.70 mm).
Cell-based biosensors (CBBs) have several practical applications, such as environmental monitoring [1] [2] [3] [4] and assessing the functional attributes of pathogens and toxins [5] [6] [7] . CBBs provide a better assessment of the overall affect of contaminants on a biological system compared to chemicalbased sensors [8] . For example, CBBs have shown promise as a method to monitor toxicity in water, compared to other ecotoxicological assays [9] .
CBBs are generally composed of sensing element (cells) and reporting elements, such as metabolism [10] , fluorescent probes and reporter genes [11] , motility and adhesion [12] . However, the current CBBs suffer from several limitations. (i) Cell-substrate attachment is weak [13] , especially for some mammalian cell lines (e.g., neuroblastoma cells [14, 15] ). (ii) It is difficult to make hundreds of CBBs with similar patterned sensing elements (cells) at high throughput to enable data collection for statistical analysis, e.g. for insecticide toxin evaluation and detection [16] . (iii) Most of current CBBs detect cellular responses in the form of cumulative fluorescent change from a large cell population [17] . Although this supplied the advantage of portability, it cannot measure important characteristics, such as spatial and temporal change of cell morphology (e.g. area [18] ) and motility [17] for these needs.
To address the above limitations of current CBBs, we studied the feasibility of bioprinting cell-laden hydrogels (i.e., collagen) to fabricate CBBs at high throughput. Cell printing is a novel technology initially used in the tissue engineering field [18] [19] [20] [21] . It can be used to pattern multiple cell types mixed with scaffolding materials to build complex structures in vitro at high throughput
We have created and characterized a cell printing system capable of providing precise spatial control to encapsulate cells and pattern them in 3D to create these model constructs at high throughput [29] [30] [31] . Such a high cell viability and . This avoids the need to chemically pre-treat surfaces to immobilize the cells using binding as used with traditional patterning methods such as lithographic patterning. Cell bioprinting has been used to create a layered microorgan for in vitro pharmacokinetic model [22] . Besides cell-laden hydrogels (e.g., collagen) have potential to immobilize cells in 3D for CBBs, and hydrogels have high water content, biocompatibility and mechanical properties resemble natural cell microenvironment [23] . Various cell types may be entrapped or immobilized within these hydrogel scaffolds [17, 24] , such as smooth muscle cells (SMCs) and neurons. Within the different hydrogels for immobilizing mammalian cells in CBBs, collagen generates special interest and offers significant promise [5, [24] [25] [26] . Collagen supplies several advantages, including different pore sizes that trap different cells by varying the collagen concentration [24, 27] . For example, a collagen-encapsulated B-lymphocyte cell line has been used as a biosensor for rapid detection of pathogens and toxins [5, 28] . control on cell location and cell density are very important to fabricate CBBs at high throughput. Also, we have earlier developed CCD (Charge Coupled Device)-based fluorescencefree (label free) technology to monitor cells in a wide field of view [32] . This large area tracking capability is very helpful since we will pattern multiple cell-laden droplets in the sensing area of CBB (Figure 1a) . In this study, we (i) immobilized SMCs in collagen droplets at high throughput using cell printing technology since our lab is specially interested in testing toxicity and possible future drugs for smooth muscle cell applications, (ii) tested the viability of the immobilized SMCs and their biological properties (proliferation), (iii) investigated biological and physiological sensitivity of immobilized cells to environmental stimuli (temperature change and adding of de-ionized water, and (iv) tested the feasibility of developed CCD technology for widearea cell morphology detection, which is essential for the portability of the CBBs. We quantified the response by using the cell morphology variation (i.e., spread size), which has been used as an indicator of cell viability and response to environmental stimuli, such as pH [33] .
II. MATERIALS AND METHOD

A. High throughput printing of SMC-laden collagen droplets
The cells used in this study were primary SMCs isolated from rat bladder tissue. SMC suspensions were mixed with reconstituted collagen (0.2 mg/ml) for printing. SMC-laden collagen droplets were patterned, see Figure 1a . We generated 20-160cell-laden collagen droplets per second with our system The patterned droplets are the sensing units in the CBB and each droplet acts as a separate monitoring area. .
B. Test of viability and proliferation of immobilized SMCs in printed collagen droplets
We assessed the post-printing cell viability in collagen droplets using a fluorescent live/dead viability staining (Invitrogen, Carlsbad, CA). Briefly, we first washed the cellladen collagen droplets with PBS and stained the immobilized cells for 10 minutes at 37 °C with live/dead staining solution. We then washed these droplets with PBS prior to imaging to reduce background. Cell proliferation was characterized as a function of days (0-5 days), using a bright-field microscope (Nikon TE2000).
C. Measurement of cytotoxicity
Healthy SMCs adhere to the surface which is imperative for subsequent cell functions like proliferation and synthesis of an extracellular matrix, and they lose this adherent morphology when they are damaged or dead [34] . The SMC morphology change response to environmental stimuli was observed with time for two cases: environmental temperature change from 37 °C to room temperature (20 °C), and adding of de-ionized water to lyse the cells. The printed cell-laden droplets were cultured in an incubator (37°C, 5% CO 2 III. RESULTS AND DISCUSSIONS , sterile, Forma Scientific, CO2 water jacketed incubator) for 24 hours to give the immobilized cells enough time to spread. The SMC-laden droplets were then placed under a bright-field microscope (Nikon TE2000) to record the morphology variation under stimuli (e.g. environmental temperature change).
A. Viability and proliferation of immobilized cells
One major challenge with CBBs is to maintain cell viability, e.g. for CBBs using cardiomyocytes and neurons [35, 36] , and the cell viability after immobilization determines the actual working life of the sensor [5] . For example, the Blymphocytes were cultured in collagen for up to four days before they were used for cytotoxicity testing [5] . We tested the post-printing viability of the encapsulated SMCs and their proliferation over five days.
Cell viability in cell-laden collagen droplets after printing was assessed using a live/dead assay. The cell viability was analyzed for four different initial cell concentrations and the This indicates that overall cell viability was >94.2±3.2% (absolute values) repeatably and reliably for 40 droplets tested. On average, the cell viability before printing was 97.1% in medium. We also studied the SMC proliferation in single printed collagen droplets. The images of a typical printed cell-laden droplet from day 0 to day 5 are given in Figure 1c . The total cell count within the droplets increased as cells proliferated in culture over 5 days.
B. Response of immobilized cells to environmental temperature change
Cell response has been used as an indicator of cell viability and response to environmental stimuli, e.g. pathogens or toxic agents [37] [38] [39] [40] . For example, in the widely used electrical cell-substrate impedance sensing (ECIS) system [37] , the sensing is achieved by measuring changes in the impedance resulting from changes in cellular morphology ('motion' or spreading on a surface) caused by external perturbations. Here, we also used the cell spread size to quantify the immobilized cells to environmental temperature change. Figure 2a shows the morphology of SMCs immobilized in printed collagen droplet changes with the time placed in room temperature (t=0, 2, …, 16 hours). A decrease in size can be observed (Figure  2a) , as shown by the average spread cell size in Figure 2b . This can be further verified by the viability tests performed every three hours after placing the cell-laden droplets in room temperature, Figure 2c . The morphology of the cells were also observed at each stage and compared to the viability values to find an indirect label-free link between the cell live/dead state and its morphology. Although cell morphplogy is not a true measure of the cellular life, we were able to see a relationship that follows the same trend. The cells lose their adherent state as they become more and more uncomfortable with their environment. Eventually, they acquire a spherical shape when they die. 
C. Response of immobilized cells to adding of de-ionized water
To mimic the toxic agents, de-ionized water was added to the printed cell-laden collagen droplets. The response of the immobilized SMCs was quantified by recording the cell spread size change. Figure 3a shows the cell morphology at eight time points (t=0, 0.25, 0.5, 0.75. 1.0. 1.25. 150, 1.75 hours) after adding 1 ml de-ionized water onto the glass slide containing the cell-laden droplets within 100 μl medium. The size was quantified as given in Figure 3b . Similar with the response to environmental temperature change, cell spread size decreased after adding de-ionized water. But this process was much faster (< 2hours).
D. Feasibility of using lensless CCD technology to capture the cell morphology change
We investigated the feasibility of using CCD sensor (9 µm pixel size) to track the morphology change of the immobilized cells under environmental stimulus (from 37 O C to 20 O IV. CONCLUSIONS C). Images were taken automatically as a function of time with 20 minute steps. During the process, some cell shadows disappeared and some decreased in size. Figure 4a gives the bright field CCD images, where red arrow and dotted circles indicate that adhered spread cells became round shaped as the cell membrane shadows disappeared. The obtained lensless CCD images were processed using Fast Fourier Transfer transform (FFT), which showed a different frequency distribution between round shape and elongated rod shape of cell images, Figure 4b . From 5 min to 145 min, high frequency region (red index: over 200 intensity value) was spread into low frequency region (blue index: less 100 intensity value). Central value and full width at half maximum (FWHM) shift of intensity histogram were calculated (Figure  4c) . These normalized intensity values, 0 to 255 for 8 bit gray scale image, changed from 78 to 123 and 13 to 26 after 140 minutes, respectively. This means FWHM became wider as the cell outline become unclear.
Cell-based biosensors (CBBs) are promising tools for environmental monitoring, biosecurity applications and rapid diagnostics. With CBBs, information about the physiological effects of analytes can be obtained [2, 41] , such as toxins, pathogens and drug candidates on living systems. However, current CBB technology has challenges with cell immobilization, low throughput fabrication and limited portability. To address these, in this study, we investigated the feasibility of bioprinting cell-laden hydrogel to fabricate CBBs at high throughput. This study indicated that cell printing can be used to immobilize cells (e.g. smooth muscle cells) in hydrogels (e.g. collagen) with high post-printing cell viability and to pattern them on surfaces. The immobilized cells maintained their biological properties (proliferation over five days) and their biological and physiological sensitivity to environmental stimuli (e.g. environmental temperature change and lysis withde-ionized water). The series shape changes of SMCs in collagen gel matrix can be detected using FFT analysis and intensity histogram by a wide area CCD sensor. These results show that printing cells with biocompatible hydrogels could lead to fabrication of CBBs in a high throughput manner.
